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Abstract 
Many metropolitan areas  s truggle to meet the E P A s tandard for ozone.  Thes e areas  need to realis tically ass ess  all 
potential pollutant emitting s ources  to comply.  O ne pollution s ource that needs  clos e examination is  cons truction 
activities  that employ nonroad diesel equipment that emit ozone -forming pollutants , including nitrogen oxides  and 
volatile organic compounds .  F urthermore, days  exceeding the ozone s tandard typically occur between Ma y and 
S eptember, the same time of year when cons truction activity is  at its  peak; thus , a s us tainable cons truction planning 
framework is  needed to minimize conflicts  between high pollutant emiss ions  activities  and forecas ted high ozone 
days .  This  paper presents  a framework for leveraging s chedule float and allocating equipment res ources  for activities 
that may have the greates t impact on the formation of ground-level ozone.  This  s cheduling approach will s us tain 
good air quality by reducing ozone -forming emissions from cons truction activities . 
© 2015 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Ground-level ozone is a major component of smog; thus, it is harmfu l to breathe and also damages crops, trees, 
and vegetation.  Human health problems related to ground-level ozone include chest pain, coughing, throat irritation, 
and congestion.  It  also worsens bronchitis, emphysema, and asthma, as well as reduce lung function and 
permanently scar lung tissue.  Even healthy people may experience difficu lty breathing when exposed to ozone 
pollution.  Furthermore, ground level ozone leads to reduced agricultural crop production and commercial forest 
yields.  It may cause damage to tree foliage and other plants, thus affecting the landscape of cities, national parks and 
forests, and recreation areas [1]. 
As part of the National Ambient A ir Quality Standards (NAAQS), the United States Environmental Protection 
Agency (EPA) currently has an ozone standard of 0.075 parts per million (ppm) designed to protect public health [2].  
EPA is considering a proposal to strengthen the standard to a level within  0.060-0.070 ppm [3].  Many metropolitan 
areas already struggle to meet the current EPA standard for ozone and will struggle even more so if the pending 
proposal to lower the standard is adopted.  These areas need to realistically assess all possible pollutant emitting  
sources in order to comply with the new standard. 
One pollution source that needs close examination is construction activities that employ nonroad diesel 
equipment.  This equipment emits high levels of nitrogen oxides (NOx) and volatile organic compounds (VOC) that 
react in the presence of heat and sunlight to form ground-level ozone.  For 2005, EPA estimated that the nonroad 
equipment source sector accounted for approximately 23% of national NOx emissions (the second highest source 
sector) and approximately 18% of national VOC emissions (the third highest source sector) [4].  Furthermore, days 
exceeding the ozone standard typically occur between May and September, the same time of  year when construction 
activity is at its peak and nonroad diesel equipment is at its maximum usage. 
Many communit ies advise the public of ozone action days when the amounts of ground level ozone are pred icted 
to reach unhealthful levels and the federal s tandard for ozone could be exceeded.  Ozone alerts on these days may be 
issued via local televisions and radio broadcasts.  During ozone action days, the community may take voluntary 
actions to reduce the effects of g round level ozone such as limit ing driv ing and reducing energy needs; however, 
most of the recommended voluntary actions have little association with cons truction activities [5]. 
A dynamic and sustainable construction planning framework is needed to help reduce the formation of ground -
level ozone from nonroad diesel equipment sources.  This paper presents a framework for using construction 
planning techniques to reallocate resources and reschedule activities to avoid ozone action days, thus reducing the 
formation of ground-level ozone.  This framework may  be used during the project planning phase to estimate a daily  
emissions profile for the project and identify  conflicts between high pollutant emitting activ ities and ozone action  
days.  Some of these activities may be moved to a different part o f the construction schedule to avoid the conflict  
without delaying the overall complet ion date of the project.  The act ivities that cannot be moved due to schedule 
constraints may be scrutinized to determine if other emissions reduction strategies, such as  alternative equipment 
selection, are feasible. 
The sustainability p lanning framework may be used during the project execution phase by monitoring the 
emissions profile on a daily basis along with daily ozone forecasts to identify potential conflicts betwe en high 
polluting activities and ozone action days.  Short-term conflicts may be managed by rescheduling activities or 
reassigning resources.  Long-term conflicts may require moving the project start date.  To place the proposed 
framework in a context that constructors already understand, high pollution emitting activ ities that occur on ozone 
action days may be accounted for similarly to the manner in which construction planners already account for 
inclement weather days in the project schedule. 
2. Objectives of the sustainability planning framework 
The purpose of the sustainability planning framework is to estimate, track, and control the episodic ozone -forming 
emissions associated with construction activities, particularly hydrocarbons (HC) and nit rogen oxide s (NOx).  The 
objectives of the framework are: 
Objective 1:  Estimate preliminary ozone-forming emissions for construction activities on a daily timescale .  The 
purpose of this objective is to quantify ozone-forming emissions for the project on a daily bas is prior to the 
768   Phil Lewis et al. /  Procedia Engineering  118 ( 2015 )  766 – 773 
commencement of work.  This is accomplished by using critical path scheduling logic, equipment resource 
allocation, and equipment and emissions data specific to the project [6].  The result for this objective is an estimated 
profile of daily  ozone-forming emissions over the duration of the project.  This emissions profile is used as a 
baseline to monitor and track actual emissions measured during the execution phase of the project.  
Objective 2:  Reduce variations in the daily emissions estimates over the duration of the project.  The purpose of 
this objective is to reduce variations in the emissions profile so that high -emitting activit ies are redistributed to 
eliminate conflicts with ozone action days.  This is accomplished by moving non -critical path activities in the 
schedule to ozone non-action days without delaying the project complet ion date.  The result of this objective is a 
sustainability-based schedule that reduces the amount of ozone-forming emissions on ozone action days. 
Objective 3:  Measure the performance of the estimated daily emissions versus the actual daily emissions .  The 
purpose of this objective is to compare the estimated emissions profile versus actual emissions and identify, 
quantify, and characterize sources of uncertainty and variability.  This is accomplished by monitoring equipment 
activity, such as fuel use and hours of operation, on a daily  basis during the project  execution phase and calculat ing 
the corresponding emissions.  The expected results of this objective are emissions performance indicators based on 
an earned-value approach, such as Emissions Variance (EV) and Emissions Performance Index (EPI).  These values 
indicate if the activity or project has emitted more or less ozone-forming emissions than were estimated. 
Objective 4: Identify strategies for reducing ozone-forming emissions.  The purpose of this objective is to identify  
strategies for reducing ozone-forming emissions over the duration of a construction project.  This is accomplished 
by evaluating the planned schedule, modifying activities during construction of the project, and utilizing equipment 
operational strategies aimed at reducing fuel use and emissions.  The expected result of this ob jective is a reduction 
of ozone-forming emissions, thus providing sustainability benefits related to air quality. 
3. Key tasks in the sustainability planning framework 
In order to meet the objectives of the framework, several key tasks must be completed:  
Task 1:  Collect project data related to construction and emissions.  This task is crit ical to the success of the 
framework because it provides necessary data for estimat ing project emissions.  These data include informat ion 
related to the equipment used in the project such as equipment type, model year, horsepower rating, fuel use rates, 
and productivity rates.  These data are used to estimate how long each unit of equipment is used for each activity 
and how many days the equipment is required for each activity and the overall project. 
Most of the project data related to equipment and production rates may be obtained from general contractor 
records; however, an alternative strategy is to use a commonly-accepted source of construction activity informat ion 
such as RS Means Heavy Construction Cost Data [7].  In  addition to cost data, RS Means provides informat ion such 
as crew and equipment requirements and equipment production rates.  Equipment attribute and productivity data can 
also be found in the equipment manufacturer specifications, such as the Caterpillar Performan ce Handbook [8].  
These sources may be used to fill gaps in data that are not available from the general contractor records.  
Emissions data include pollutant emissions rates for the equipment, either on a mass per time basis (kilograms  
per day) or a mass per fuel used basis (kilograms per gallon).  These emissions rates may be obtained from 
emissions estimating models, such as the EPA NONROAD model.  NONROAD is an emissions inventory 
forecasting tool that estimates emissions rates and total emissions for a variety of nonroad diesel equipment types 
[9].  There are also numerous publications that provide real-world emissions rates for construction equipment that 
prove useful for the framework [10-12].  These data are based on field measurements of emissions from in-use 
construction equipment. 
A project management tool that can schedule and control the project, such as Primavera P6 or Microsoft Pro ject, 
is needed to organize, synchronize, and manage the equipment and emissions data.  These management programs 
have functions that allow the user to assign, allocate, and level resources related to project activities and also track 
their progress.  In the case of the sustainability planning framework, the “resource” to be assigned and allocated is 
pollution in  the form of ozone-forming emissions.  The p roject management software enables the user to monitor 
and visualize actual project performance versus planned; conduct what -if analyses and analyze alternatives; and 
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produce project schedules, resource reports, and graphics.  All of these functions are needed in order to completely  
evaluate and assess the ozone-forming emissions for the project. 
Task 2:  Develop an emissions profile on a daily timescale .  This task is important because it provides an initial 
estimate of ozone-forming emissions that will be used as a baseline to track actual results.  Related tasks include 
developing a planned schedule of activ ities fo r the entire project; identifying crit ical and non -critical path activ ities; 
quantifying equipment requirements and durations for each activity; identifying and cataloguing equipment emission 
factors from a reliable source; calculating daily emissions for each activity; and graphing the daily emissions to 
produce an emissions profile.  The following example demonstrates the development of the emissions profile. 
Figure 1 is the planned activity schedule for a textbook example pro ject with 10 act ivities and a total duratio n of 
22 days [13].  Activ ities A, C, F, H, and J are critical path activities and cannot be moved without delaying the 
complet ion of the project.  Activ ities B, D, E, G, and I are non-crit ical path activit ies and can be moved without 
delaying the completion o f the p roject; the number o f days that each non-critical activity can  be moved is known as 
float.  The number shown on the bar for each activity is the daily mass emissions rate for p ollutant i in kilograms per 
day (kg/day) for that activity.  The daily mass emissions rate (kg/day) for a part icular pollutant is an average, 
calculated by dividing the total mass emissions (kg) for the entire activity by the duration (days) of the activ ity.  The 
total mass emissions (kg) are calculated by mult iplying  the equipment mass per time emission rate (kg/hr) for 
pollutant i by the duration (hr) that the equipment was in use. 
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Figure 1.  Planned Activity Schedule 
Figure 2 is the estimated emissions profile for the example p roject.  It shows the daily estimated emissions for all 
activities performed on a g iven day.  For example, on Days  3-5 it  is estimated that 900 kg/day of pollutant i will be 
emitted from Activity C (300) + Activity B (200) + Activity  D (400).  Likewise, only 200 kg/day will be emitted on 
Days 15, 16, and 19 because Activity F is the only activity in progress.  It is apparent from the emissions profile that 
Days 3-10 are h igh emissions days and would be of particular concern if these days are ozone action days.  Days 11-
22 are lower emissions days and are good candidates to accommodate additional high emissions activities.  The 
overall goal is to reduce peak emissions days without increasing the total quantity of pollutants emitted and also 
without delaying the overall project complet ion.  This goal is accomplished by the resource levelling technique 
described in Task 3. 
Task 3:  Reschedule non-critical activities to level the emissions profile.  This task is important because it 
identifies ozone-forming emissions activities  that may  conflict with potential high ozone days and reassigns them to 
lower emissions days by using a resource levelling approach.  Subtasks include identify ing peaks in the emissions 
profile; determining if these peaks are caused by crit ical or non-crit ical path activit ies; and moving non-crit ical path 
activities to ozone non-action days.  Figures 3 and 4 represent these tasks for the example project. 
 
770   Phil Lewis et al. /  Procedia Engineering  118 ( 2015 )  766 – 773 
 
E
st
im
at
ed
 E
m
is
si
on
s, 
P i
 (k
g)
 10                       
9                       
8                  
7                 
6                 
5                 
4                 
3                 
2               
1               
 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 
Project Duration (Days) 
Figure 2.  Estimated Emissions Profile 
Figure 3 shows the revised activity schedule based on moving Activ ity B from the beginning of Day 3 to the 
beginning of Day  9, and moving Activity E from the beginning of Day  8 to the beginning of Day  14; both activit ies 
were moved the full amount of float time.  Figure 4 is the levelled emissions profile based on moving Activities B 
and E, with the previous emissions profile shown in  dashed lines.  The purpose of this process is to reduce peak 
emissions days and level the overall emissions profile.  The original emissions profile showed se ven days of 900 
kg/day; the levelled emissions profile shows only one day (Day 14) with emissions as high as 800 kg/day. 
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Figure 3.  Revised Activity Schedule by Moving Activities B and E 
Rescheduling activities and reallocating pollutants does not decrease the overall total emissions for the project ; 
there are still 12,600 kg  of pollutant i emitted over the duration of the pro ject.  The only change is when the 
emissions occur, a major consideration in efforts to reduce the formation of ground -level ozone. 
Task 4:  Track actual daily emissions versus the estimated daily emissions profile.  This task is important 
because it estimates the quantities of ozone-forming emissions at the activity and project level based on actual 
productivity field data.  Related tasks include recording fuel consumption and equipment usage on a daily basis; 
estimating the daily emissions for each activity; and graphing the actual emissions profile. 
Actual mass emissions are estimated based on the equipment that is used on the project.  If accurate fuel data is 
available fo r the equipment, the total fuel consumed by an item of equipment may be multiplied by a mass per fuel 
used emission factor to estimate the total mass emissions.  An alternative strategy to using fuel data, which may or 
may not be available, is to multip ly the hours of use by a mass per time emission factor.  Most items of diesel 
equipment have an hour meter that records the total hours of operation.  A daily reading of the hour meter fo r each 
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item of equipment may be taken and used to estimate the duration in h ours that the equipment was used that day.  
Although either fuel use data or hours of operation data may be used to estimate actual daily emissions, there tends 
to be less variability in mass per gallon emission rates; thus, using fuel use data to estimate  daily emissions is the 
more desirable approach.  The emissions profile based on actual field data is then graphed and compared to the 
estimated emissions profile. 
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Figure 4.  Emissions Levelling by Moving Activities B and E 
Task 5:  Quantify variation in the estimated versus actual emissions profile.  This task is important because it 
establishes the emissions performance of the activity and the overall project at  a particu lar po int in t ime.  Related 
tasks include quantifying differences in the planned versus actual emissions profile on a daily basis; identifying 
causes for these variation; estimat ing emissions performance indicators at the activity and pro ject level, including 
Emissions Variance (EV = Planned Emissions – Actual Emissions) and Emissions Performance Index (EPI = 
Planned Emissions ÷ Actual Emissions); and using these emissions performance indicators to identify emissions 
reduction strategies for future activities. 
A positive EV and an EPI greater than 1.0 indicate that actual emissions are lower than what was planned; 
however, a negative EV and an EPI less than 1.0 indicate that the activity is emitting more pollutants than what was 
originally estimated.  When this is the case, current and future activities must be modified to not exceed the 
estimated emissions for the activity and the overall pro ject.  These indicators are computed at any point in the 
project and as often as necessary, even on a daily basis, to determine a current standing relative to the estimated 
emissions profile. 
Differences in the estimated versus actual emissions profile are examined to identify and quantify the source of 
variability.  For example, is the variability a result of different equipment being used than what was planned?  Are 
the estimated and actual equipment productivity rates different?  Has there been an increase or decrease in  the 
quantity of work performed?  These are the types of research questions that this task will answer. 
Task 6:  Develop a dynamic plan for reducing ozone-forming emissions.   This task is important because it 
identifies strategies that may be implemented on a short-term basis to reduce ozone-forming emissions.  The 
emissions levelling process is dynamic and can be used at any time during the project t o help avoid conflicts with 
ozone action days.  For example, if an ozone action day is forecasted, the project planner can identify which 
activities can be moved from that particular day and performed  on a lower ozone day; however, that may not always 
be possible.  If not, work may need to be halted until the high ozone alert is over.  This situation is similar to bad 
weather days that general contractors frequently encounter.  Most project planners include “rain days” in the project  
schedule in order to accommodate lost work time due to inclement weather.  In a dynamic and sustainable air quality 
management plan, project planners may include “ozone days” in the project schedule to accommodate lost work 
time due to ozone action days. 
In addition to the short-term methods, long-term strategies over the duration of the project include selecting 
alternative equipment; reducing equipment idling; replacing, repowering, or retrofitting older equipment; and using 
alternative fuels.  Although these strategies may be implemented voluntarily, some stakeholders, such as local 
772   Phil Lewis et al. /  Procedia Engineering  118 ( 2015 )  766 – 773 
governments, may consider making them mandatory requirements.  Furthermore, environmentally conscious owners 
may  consider altering the project start date in order to allow high emitting activ ities to occur in  cooler periods in fall 
or winter as opposed to hotter periods in spring and summer.  Any sustainable and dynamic pro ject planning 
framework must take into account both emissions activities and weather considerations in order to reduce the 
formation of ground-level ozone. 
4. Benefits of the sustainability planning framework 
The primary benefit of the sustainability planning framework is the ability to integrate ozone -forming emissions 
data into a construction project schedule in order to reduce ground level ozone.  Such an achievement will help  
local, state, and regional governments maintain attainment status, or return to attainment status as quickly as 
possible, with current and proposed EPA standards for ozone.  Consequently, reducing ground -level ozone will lead  
to improvements in public health and environmental quality.  Three benefits of the sustainability p lanning 
framework are: 
Benefit 1:  Accurate estimates of ozone-forming emissions for construction activities.  This framework provides a 
methodology for estimating and characterizing the energy and emissions footprint of a construction project, during 
the project planning phase as well as the project execution phase.  By doing so, project stakeholders are able to 
determine the environmental impact of the project and evaluate emissions reduction strategies.  Outputs include 
emissions inventories for construction projects based on equipment type and activity type; a taxonomy of emissions-
critical activit ies for the project; empirical models that may be used to predict emissions for construction equipment 
and activities; and a schedule that shows when high-emitting activities conflict with ozone action days. 
In addition to the outputs related to ozone-forming emissions such as NOx and HC, the same type of results may  
be produced for other nonroad diesel pollutants, including carbon monoxide (CO), particulate matter (PM), and 
sulfur oxides (SOx) - all of which are NAAQS criteria pollutants.  Nonroad equipment is a significant source sector 
for these pollutants, emitting approximately  25% of national emissions for CO (second highest source sector), 6% of 
PM (eighth highest source sector), and 3% of SO2 (fourth highest source sector) [4].  Furthermore, results may be 
provided for carbon dioxide (CO2), a  greenhouse gas that has been linked to g lobal warming and climate change, 
and is targeted for reduction in all industry sectors. 
Benefit 2:  Improved strategies for reducing ozone-forming emissions.  Most emissions reduction strategies 
related to nonroad equipment are currently based on engine technology.  These strategies include EPA Engine Tier 
standards [14] imposed on engine manufacturers and retrofitting existing engines with emissions reduction 
technology, such as NOx catalysts [15].  Fewer strategies exist for the operation of nonroad equipment, such as 
limitations placed on engine idling or using alternative fuels s uch as biodiesel [16].  The sustainability planning 
framework serves as a basis for developing new operational strategies for nonroad equipment to reduce ozone -
forming emissions and other harmfu l pollutants.  These strategies may  be used by equipment owners and operators.  
Outputs include sensitivity analyses of alternative equipment selection; quantification of the impact of reduced 
engine idling; and benefits -costs analyses of using alternative fuels and retrofit technology. 
Benefit 3:  New knowledge for filling research gaps.  Current estimates of construction activity emissions are 
often speculative and are based on gross assumptions and sweeping generalizations; real data related to construction 
project emissions and nonroad equipment is needed.  Completion of field studies will provide new knowledge that 
can be used to help fill current research gaps in estimating emissions from nonroad equipment.  Prominent issues 
include a lack of detailed data related to total fuel consumed and hours of operation by equipment type; alternative 
emissions estimating methodologies based on project type, size, and duration; additional case studies related to 
construction project emissions; actual emissions per hour of equipment operation; impact of engine load factors on 
equipment emissions; improved equipment fleet management strategies; and impact of specific emissions mit igation 
measures for nonroad equipment [17].  Expected outputs include a robust dataset of informat ion related to fuel use, 
emissions, and operational behavior of construction equipment that may be used by ot hers. 
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